Abstract High NaCl concentrations (25 g.L -1 ) considerably decreased the methanol depletion rates for sludges harvested from two lab-scale sulfate reducing UASB reactors. In addition, 25 gNaCl.L -1 strongly affected the fate of methanol degradation, with clear increase in the acetate production at the expense of sulfide and methane production. The addition of different osmoprotectants, viz. glutamate, betaine, ectoine, choline, a mixture of compatible solutes and K + and Mg 2+ , slightly increased methanol depletion rates for UASB reactors sludges. However, the acceleration in the methanol uptake rate favored the homoacetogenic bacteria, as the methanol breakdown was steered to the formation of acetate without increasing sulfate reduction and methane production rates. Thus, the compatible solutes used in this work were not effective as osmoprotectants to alleviate the acute NaCl toxicity on sulfate reducing granular sludges developed in methanol degrading thermophilic (55°C) UASB reactors.
Introduction
The characteristics of industrial wastewaters such as temperature and salinity are determined by the production process, and can be far from the physiological optima of microorganisms. With the current trend to close water cycles in industry, there is a need for wastewater treatment processes that are effective under hot and saline conditions. These parameters impose the need for adapted wastewater treatment processes, as high temperatures denature enzymes of mesophilic bacteria (Madigan et al., 1997) , whereas high osmolarity environments trigger rapid fluxes of cell water, thus causing a reduction in turgor and dehydration of the cytoplasm (Kempf and Bremer, 1998) .
Thus far, anaerobic treatment processes use as much as possible endogenous microorganisms, commonly present in granular sludges. Granular sludge based processes have been used extensively to treat an enormous range of substrates in a big range of environmental conditions (Frankin et al., 2001 ). However, current research is evolving the borders of the metabolic capacity of these natural populations for the treatment of industrial wastewaters. For instance, 25 gNaCl.L -1 (10 g Na + .L -1 ) completely inhibited methanol degradation in a thermophilic (55°C) upflow anaerobic sludge bed (UASB) reactor in the presence of excess of sulfate (COD/SO 4 2-= 0.5). Even sodium concentrations as low as 3.0 gNa + .L -1 provoked considerable changes in the metabolic fate of methanol under thermophilic conditions (Vallero et al., 2002) .
In search of alternative ways to overcome salt toxicity in anaerobic bioreactor systems, one can be inspired by strategies that microorganisms use themselves. The successful occupancy of what are often hostile environments (such as elevated osmolarity environments), uncongenial to other life forms, can be attributed at least in part to the development of complex stress management strategies, which have evolved to allow the bacterial cell to sense and respond to changes in its external environment (Sleator and Hill, 2001 ). Two fundamentally different strategies exist within the microbial world that enable microorganisms to cope with the osmotic stress inherent to the presence of high salt concentrations: (i) cells maintain high intracellular salt concentrations (the "salt-in" strategy) and (ii) cells may maintain low salt concentrations within their cytoplasm (the "compatiblesolute" strategy). In the latter case, the osmotic pressure of the cytoplasm is balanced by compatible solutes. Compatible solutes are defined as intracellular organic solutes which, at high concentrations, allow "conventional" enzymes to function efficiently (Brown, 1990) . In most halophilic and halotolerant microorganisms, the osmotic balance is provided by small organic molecules (compatible solutes) that are either synthesized by the cells or taken up from the medium when available (Oren, 1999; Welsh, 2000) . In contrast to the salt-in strategy, the compatible-solutes strategy does not involve the need for specially adapted proteins and intracellular systems (Oren, 1999) . In addition to their role as osmotic balancers, compatible solutes function as effective stabilizers of enzyme function, providing protection against salinity, high temperature, freeze-thaw treatment and even drying (Welsh, 2000) .
Many microorganisms possess transport systems for compatible solutes whose transcription and/or activity is directly regulated by osmotic pressure (Welsh, 2000) . The uptake of solutes from the environment, when available, is expected to be advantageous in complex microbial communities in which different metabolic types of microorganisms coexist, as it diminishes the energy cost of life at high salt concentrations (Oren, 1999) . Given that osmolyte uptake is often energetically more favorable than synthesis, accumulation of compatible solutes from exogenous sources generally inhibits endogenous synthesis (Dinnbier et al., 1988) . In natural ecosystems, the supply of compatible solutes is likely to be low and varying. Therefore, osmoprotectant transporters usually exhibit high affinity for their substrate with K m values in the micromolar range, and their capacity is geared to permit high-level compatible solute accumulation (Kempf and Bremer, 1998) .
Thus far, little is known concerning the use of compatible solutes as osmoprotectants in engineering applications. However, Yerkes et al. (1997) demonstrated that the addition of small concentrations (1 mmol l -1 ) of betaine, one of the most studied osmoprotectants, caused more rapid substrate uptake rates upon sudden changes in sodium concentration (0 to 500 mmol l -1 of Na + ) in sucrose fed batch assays, CSTRs, fluidized bed reactors and UASB reactors operating at mesophilic (35°C) conditions. To the best of our knowledge, there are no reports about the use of compatible solutes to alleviate sodium toxicity in thermophilic sulfate reducing systems. If effective, adopting a policy of adequate dosing of these compatible solutes could obviate the need for time consuming adaptation (Vallero et al., 2003) or biological augmentation of sulfate reducing treatment systems. The use of compatible solutes would enable the adoption of sulfate reducing bacteria (SRB)-based bioprocesses in closed water cycles, as the deliberate reduction of the bleed in bioreactors leads to salt accumulation (Lens and Kuenen, 2001) . In this work, batch experiments were conducted to determine the effect of different compatible solutes in alleviating the toxic effect of sodium chloride on unacclimatized granular sludge cultivated in a thermophilic (55°C) sulfate reducing UASB reactor.
Material and methods
Activity tests were carried out in 117 mL vials as described by Vallero et al. (2003) . The vials were inoculated with methanol as the sole substrate (2 gCOD.L -1 ) and sulfate, added as sodium sulfate, to provide a COD/sulfate ratio of 0.5 (excess of sulfate). All vials were inoculated with 25 gNaCl.L -1 , either in the presence or the absence of an antagonist of sodium toxicity (Table 1 ). The sulfidogenic granular sludges were harvested from two lab-scale (6.5 L) thermophilic (55ºC) sulfate reducing UASB reactors operating at a low (2 g.L -1 ) sodium concentration, so that the antagonists of sodium toxicity were evaluated in nonadapted sulfidogenic sludges. Both reactors operated at an organic loading rate (OLR) of 5 gCOD.L -1 .day -1 , a hydraulic retention time (HRT) of 10 hours and a chemical oxygen demand (COD) to sulfate ratio of 0.5. Thus, theoretically, all methanol, added as sole electron donor and carbon source, could be converted via sulfate reduction.
The first UASB reactor (UASB I) was operating under overloading conditions, as evidenced by the 80% COD removal (Vallero et al., 2003) . Sulfide production accounted for about 71% of the electron flow, whereas acetate was a secondary product, accounting for about 28% of the electron flow (Vallero et al., 2003) . Methanogenesis was rather insignificant, as it consumed less than 1% of the electron flow (Vallero et al., 2003) . The second UASB reactor (UASB II) was inoculated with a different sludge in order to assess the influence of the inoculum on potential antagonists of sodium toxicity. In contrast to UASB I, full methanol removal was achieved in UASB II (Manzanero, 2002) . Sulfide production accounted for about 74% of the electron flow in UASB II, whereas methane and acetate were a secondary product, accounting for, respectively, 17% and 9% of the electron flow (Manzanero, 2002) .
Sulfide was determined photometrically as described by Trüper and Schlegel (1964) . Methanol, VFA and methane were measured by gas chromatography (GC), as described by Weijma et al. (2000) .
Results and discussion
High NaCl concentrations (25 g.L -1 ) exerted a strong effect on the methanol depletion rate, as evidenced by the considerable decrease in the methanol depletion rate for the sludges cultivated for both UASB I and UASB II (Tables 2 and 3 ) and a lag phase of approximately 3 and 7 days for respectively UASB I and UASB II ( Figures 1A and 1B) . This confirms previous experiments (Vallero et al., 2002) . The 7 days lag phase and the only 2.5 fold decrease in the methanol depletion rate by UASB II sludge in the presence of 25 gNaCl.L -1 suggest that microorganisms able to degrade methanol at high salinity were present in the sludge bed. Thus, bioreactors aiming at methanol removal could be successfully operated at high salinity, provided that enough time is given to the biomass to adapt to the high osmolarity environment. This was also suggested by various authors as a successful strategy to treat wastewaters with high salinity (Soto et al., 1993; Omil et al., 1996) . However, Vallero M.V.G. Vallero et al. 197 Muthumbi et al., 2001) et al. (2002) demonstrated that no methanol removal was observed for more than 15 days when starting-up an UASB reactor with an influent NaCl concentration of 25 g.L -1 . Moreover, a stepwise exposure of the sludge to increasing salt concentrations did not favor the development of a halotolerant sulfate reducing sludge (Vallero et al., 2003) . The purpose of screening possible compatible solutes able to counteract the deleterious effect of sodium was to find an alternative way to the time-consuming (and non-successful) adaptation of the biomass to high influent salinity. In addition to the sharp decrease in the methanol degradation rates, the presence of 25 gNaCl.L -1 strongly affected the methanol degradation pathway in both reactors (Tables  2 and 3 ). NaCl clearly increased acetate production at the expense of sulfide (for UASB I and UASB II) and methane (for UASB II) production. Thus, the methane producing archaea (MPA) and SRB appear to exhibit a greater sensitivity to the toxic effects of sodium than the acidogens. This is in agreement with previous work, where the greater sensitivity of MPA versus acid-forming bacteria to most other environmental conditions, including cation toxicity, was demonstrated (Kugelman and McCarty, 1965) .
The 22% decrease in the methanol depletion rate due to the addition of 18.6 gKCl.L -1 (9.8 gK + .L -1 ) compared with the 58% decrease due to the addition of 25 gNaCl.L -1 (9.8 gNa + .L -1 ) suggests that sodium was more toxic than potassium to the microorganisms of UASB II sludge (Table 3 ). As such, the addition of potassium salts instead of sodium salts to bioreactors (e.g. as an alkalinizing agent) may diminish the deleterious effects of high salinity to the performance of bioreactors. However, this contrasts with results of Kugelman and McCarty (1965) , who reported the following increasing order of salt toxicity towards acetate-utilizing methanogens (on a molar basis): sodium, ammonium, potassium, calcium and magnesium. In addition, potassium has been shown to inhibit aceticlastic methanogenesis at concentrations above 3.8 g.L -1 (van den Berg et al., 1976) . Therefore, the lower addition of potassium compared to sodium (250 mmol l -1 of K + when adding 9.8 gK + .L -1 vs. 430 mmol l -1 of Na + when adding 9.8 gNa + .L -1 ) is probably the reason for the decreased negative effect on the methanol depletion rate when replacing sodium by potassium (Table 3) .
The addition of different osmoprotectants, viz. glutamate, betaine, ectoine, choline, a mixture of compatible solutes and K + and Mg 2+ , slightly increased the methanol depletion rate for both sludges investigated (Tables 2 and 3 ). This was due to the increased activity of the homoacetogenic bacteria (AB), as the methanol breakdown was steered to the formation of acetate (Figure 2 and Tables 2 and 3 ). In contrast, sulfide production was not stimulated by any of the osmoprotectants tested in this work (Figure 2 and Tables 2 and 3 ). The addition of K + and Mg 2+ yielded the highest sulfide production for the sludge harvested from UASB I ( Figure 2F and Table 2 ), although sulfide production was still lower compared to the control vials containing no added NaCl (Table 2) . Moreover, K + and Mg 2+ did not stimulate sulfate reduction in UASB II sludge, where sulfide production accounted for less than 4% of the electron flow (Table 3) . Therefore, the compatible solutes used in this work were not effective as osmoprotectants to alleviate the acute NaCl toxicity on sulfate reducing granular sludges developed in thermophilic (55ºC) UASB reactors.
The results found in this study contrast with the fact that sulfate reducers are reported to use compatible solutes as osmoprotectants. For instance, Welsh et al. (1996) demonstrated that the uptake and accumulation of K + and betaine from the growth medium alleviated the inhibition due to increasing NaCl concentration (up to 7%) for the halotolerant sulfate reducer Desulfovibrio halophilus. It may be that the organic compatible solutes used in this work were degraded by the anaerobic consortium prior to their accumulation in the cytoplasm. Indeed, the mass balance calculations did not fit for the bottles supplemented with betaine ( Figure 2B ), glutamate ( Figure 2C ) and choline ( Figure 2E ), indicating that these organic compatible solutes were degraded via acetate as an intermediate. The anaerobic degradation of betaine (Thalasso et al., 1999) , glutamate (Plugge et al., 2001 ) and choline (Sharma and Erdman, 1989 ) are well described. The lack of osmoprotection observed in Figure 1 implies that the tested compatible solutes are not the most prominent solutes accumulated by unacclimatized thermophilic sulfate reducing granular biomass used in these experiments. It might also be due to the fact that thermophilic microorganisms use different compatible solutes compared to their mesophilic counterparts. Indeed, the absence of glycine betaine and ectoine in hypertermophiles indicates that some common compatible solutes of mesophiles cannot be used by organisms that grow at high temperatures (Santos and Costa, 2001) . The latter authors pondered that the compatible solutes of mesophiles are unstable at higher temperatures or do not meet the requirements of the organisms for osmotic adaptation and thermoprotection of macromolecules. As a matter of fact, there are reports pointing out that evolutionary pressures selecting for or against the accumulation of a specific compatible solute may not only depend on its osmotic function, but also on secondary functions, such as heat or cold tolerance (Sleator and Hill, 2001; Ko et al., 1994) . However, Proctor et al. (1997) demonstrated that, upon an exposure to a mineral salt medium containing from 0.1 to 0.8 mol l -1 NaCl, the thermophilic Methanosarcina thermophila TM-1 accumulated betaine within 10 minutes in concentrations up to 140 times of that encountered prior to salt exposure. Thus, it remains unclear if the osmoprotectants widely used by mesophiles are also used by thermophilic microorganisms.
Current research investigates the long term effect of the osmoprotectants to overcome NaCl toxicity. Successive feedings and the refreshment of mineral medium may allow the microorganisms to take up osmoprotectants. Future research will also be oriented on the bioaugmentation of the sludge with the so-called extremophiles (halophiles) for the treatment of saline sulfate-rich waste streams. To the best of our knowledge, there are so far no reports on the successful immobilization of such halophilic SRB in bioreactor sludges. Such an approach will become essential, as it would push the current operation limits of bioreactors to very interesting working conditions, as when applying SRB based bioreactors in closed water cycles. Strategies to apply halophilic SRB in the treatment of saline sulfate-rich wastewaters (granular sludge bed engineering) are being developed.
Conclusions
The results obtained in this research allow us to conclude that: 1. High NaCl concentrations (25 g.L -1 ) exerted a strong acute toxic effect on the methanol depletion rate, as evidenced by the considerable decrease in the methanol depletion rates for sludges harvested from lab-scale sulfate reducing UASB reactors. 2. High NaCl concentrations (25 g.L -1 ) strongly affected the fate of methanol degradation, with clear increase in acetate production at the expense of sulfide and methane production. 3. The acceleration in the methanol uptake rate due to the addition of compatibles solutes in general favored the homoacetogenic bacteria, as the methanol (or the organic osmoprotectant) breakdown was steered to the formation of acetate. 4. The compatible solutes used in this work were not effective as osmoprotectants to alleviate the acute NaCl toxicity on sulfate reducing granular sludges developed in thermophilic (55°C) UASB reactors.
